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We sought to examine the effects of varicella-zoster virus (VZV) infection on the expression of major
histocompatibility complex class I (MHC I) molecules by human fibroblasts and T lymphocytes. By flow
cytometry, VZV infection reduced the cell surface expression of MHC I molecules on fibroblasts significantly,
yet the expression of transferrin receptor was not affected. Importantly, when human fetal thymus/liver
implants in SCID-hu mice were inoculated with VZV, cell surface MHC I expression was downregulated
specifically on VZV-infected human CD31 T lymphocytes, a prominent target that sustains VZV viremia. The
stage in the MHC I assembly process that was disrupted by VZV in fibroblasts was examined in pulse-chase
and immunoprecipitation experiments in the presence of endoglycosidase H. MHC I complexes continued to
be assembled in VZV-infected cells and were not retained in the endoplasmic reticulum. In contrast, immu-
nofluorescence and confocal microscopy showed that VZV infection resulted in an accumulation of MHC I
molecules which colocalized to the Golgi compartment. Inhibition of late viral gene expression by treatment of
infected fibroblasts with phosphonoacetic acid did not influence the modulation of MHC I expression, nor did
transfection of cells with plasmids expressing immediate early viral proteins. However, cells transfected with
a plasmid carrying the early gene ORF66 did result in a significant downregulation of MHC I expression,
suggesting that this gene encodes a protein with an immunomodulatory function. Thus, VZV downregulates
MHC I expression by impairing the transport of MHC I molecules from the Golgi compartment to the cell
surface; this effect may enable the virus to evade CD81 T-cell immune recognition during VZV pathogenesis,
including the critical phase of T-lymphocyte-associated viremia.

Varicella-zoster virus (VZV) is a human herpesvirus that
causes varicella (chicken pox) as the primary infection in sus-
ceptible individuals, establishes latency in sensory nerve gan-
glia, and may reactivate as herpes zoster (shingles) (5, 6, 14). In
healthy individuals, primary VZV infection induces both in-
nate and antigen-specific immune responses. Innate immunity
may limit the initial spread of VZV within the host, but VZV-
specific adaptive immunity plays a crucial role in recovery from
varicella and in the preservation of latency. Modulation of
major histocompatibility complex class I (MHC I) expression
may promote viral infection and persistence in the host by
enabling infected cells to evade the CD81 T-lymphocyte-me-
diated antiviral immune response. In this respect, several vi-
ruses, including adenovirus, human immmunodeficiency virus
(HIV), murine and human cytomegalovirus (MCMV and
HCMV, respectively), Epstein-Barr virus, bovine herpesvirus,
pseudorabies virus, and herpes simplex virus (HSV), as well as
VZV, have been found to downregulate cell surface MHC I
expression (10, 15, 28, 29, 30, 31, 35, 42, 47, 49, 51). These
viruses have evolved various strategies for disrupting the MHC
I antigen presentation pathway, and some have been shown to

coordinate multiple mechanisms of interference (reviewed in
references 19 and 44).

MHC I molecules are heterodimers consisting of a mem-
brane-bound heavy chain (aC) and a light chain b2 micro-
globulin (b2m) which present peptides derived from cytosolic
proteins to CD81 T lymphocytes. Antigenic peptides gener-
ated by cytosolic proteases are transported into the endoplas-
mic reticulum (ER) by the ATP-dependent transporter asso-
ciated with antigen processing (TAP), where they associate
with MHC I heterodimers. The resulting trimolecular complex
is transported from the ER through the Golgi compartment to
the cell surface where it presents the peptide to cytotoxic T
lymphocytes (34). Each step in the MHC I biosynthesis and
assembly pathway has been shown to be a potential target for
viral interference and the subsequent modulation of MHC I
expression on cell surfaces.

During primary VZV infection, both MHC I-restricted,
CD81 T lymphocytes and MHC II-restricted, CD41 T lym-
phocytes are sensitized to VZV antigens (46). T-cell recogni-
tion of infected cells is essential for terminating primary infec-
tion (7). Interestingly, VZV appears to evade host recognition
by T lymphocytes during a prolonged, 10- to 21-day incubation
period following initial infection (6). Viral genes encoding
immunomodulatory proteins may allow VZV to escape im-
mune surveillance during this interval, permitting the virus to
move from mucosal sites of inoculation and to disseminate to
skin via T lymphocytes.
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The purpose of this study was to examine the effect of VZV
infection on cell surface expression of MHC I molecules by
human fibroblasts and T lymphocytes. We used flow cytometry
to demonstrate that VZV reduced cell surface MHC I expres-
sion on infected human fibroblasts and T lymphocytes. We
applied a combination of biochemical analyses and confocal
microscopy to show that VZV interferes with the transport of
MHC I molecules from the Golgi compartment to the cell
surface. Phosphonoacetic acid (PAA), an inhibitor of late viral
gene synthesis, did not alter the ability of the virus to down-
regulate MHC I expression, suggesting that this function is not
encoded by a late viral gene product(s). Cells transfected with
plasmids expressing immediate early (IE) genes were not al-
tered in the ability to express MHC I molecules, but a plasmid
carrying the early gene ORF66 did significantly downregulate
MHC I expression on transfected cells.

MATERIALS AND METHODS

Cells. The following cell lines were grown in tissue culture medium (TCM)
(Dulbecco’s modified Eagle’s medium; Gibco, Gaithersburg, Md.) supplemented
with heat-inactivated fetal calf serum, 2 mM L-glutamine (Gibco), 50 IU of
penicillin, 50 mg of streptomycin (Pen/Strep; ICN Biomedicals, Inc., Irvine,
Calif.), and 0.5 mg of amphotericin B (Fungizone, Flow Laboratories, McLean,
Va.): human fetal lung fibroblasts, MRC-5 (ATCC CCL 171), in passages 17 to
30; human foreskin fibroblasts (HFFs), in passages 5 to 25; human melanoma
(MeWo) cells; and Vero (African green monkey) cells.

Antibodies. The monoclonal antibodies (MAbs) used were specific for human
MHC I (clone Tu149 recognizing complexed aC/b2m) (purified and R-phyco-
erythrin [PE] conjugated); human transferrin receptor (CD71; clone T56/14)
(purified and PE conjugated); human CD3 (clone S4.1; tricolor conjugated);
human CD4 (clone S3.5; PE conjugated); human CD8 (clone 3B5; fluorescein
isothiocyanate [FITC] conjugated); goat anti-mouse immunoglobulin G (IgG)
F(ab9)2 fragments, PE-conjugated goat anti-human IgG, and FITC-conjugated
goat anti-human IgG (CalTag Laboratories, South San Francisco, Calif.); and
human HLA-A,B,C (clone G46-2.6) and human transferrin receptor (clone M-
A712) (Pharmingen, San Diego, Calif.). MAb W6/32 and rabbit antiserum spe-
cific for the human MHC I heavy chain were provided by H. Ploegh (Harvard
University, Boston, Mass.) and were used in immunoprecipitation experiments.
VZV-immune or nonimmune polyclonal human serum (IgG purified) was used
to identify VZV-infected cells.

SCID-hu mice. Male homozygous C.B-17 scid/scid mice were bred and main-
tained at SyStemix, Inc., Palo Alto, Calif. At 8 weeks of age, coimplants of human
fetal thymus and liver (thymus/liver) tissue from 18- to 23-week fetuses were
introduced under the kidney capsule as a cojoint implant (41). Human fetal
tissues were obtained with informed consent according to federal and state
regulations and were screened for HIV. The general care of these animals was
done in accordance with the guidelines of the Administrative Panel on Labora-
tory Animal Care of Stanford University.

Viruses. The VZV strain used in these studies was a low-passage clinical
isolate designated strain Schenke. For cell infections, fibroblasts or melanoma
cells were mixed with VZV-infected cells (31 to 41 cytopathic effect), at a ratio
of one infected cell to five uninfected cells. Animal inoculations were done with
VZV-infected MRC-5 cells at 31 to 41 cytopathic effect. The VZV-infected
monolayers were trypsinized and washed once with phosphate-buffered saline
(PBS), and the cells were counted and resuspended in TCM. Cells were briefly
stored on ice until they were injected into the SCID-hu thymus/liver implants.
Mock-infected implants were injected with an equal number of uninfected
MRC-5 cells prepared by the same method. The virus inoculum was determined
by plaque assay on Vero cell monolayers. The Oka vaccine strain and a glyco-
protein C (gC)-negative mutant of the Oka strain were also tested for effects on
MHC I expression (39).

Infection of thymus/liver implants. Mice were anesthetized by intraperitoneal
injection with a solution of 5% ketamine (Aveco Co., Fort Dodge, Iowa) and
2.5% xylazine (LyphoMed Inc., Rosemont, Ill.) in PBS. The left kidney was
surgically exposed, and the thymus/liver implant was injected using a 27-gauge
needle with approximately 20 to 50 ml of cells. The peritoneal incision was
sutured, and the skin was stapled closed. Seven days after inoculation the im-
plants were removed and disrupted between ground glass slides. Cell suspensions
were filtered through a sterile nylon mesh to remove large debris, and the

released cells were washed, counted, and used for fluorescence-activated cell
sorting (FACS) analysis and virus titration.

FACS analysis. Aliquots of approximately 106 cells obtained from uninfected
and VZV-infected thymus/liver implants, uninfected and VZV-infected MRC-5
cells, and HFF or MeWo cells or transfected HFF cells were washed and resus-
pended in 100 ml of FACS staining buffer (PBS with 1% fetal calf serum and
0.2% sodium azide). The primary antibodies, VZV-immune or nonimmune
polyclonal IgG, were diluted 1:40. Secondary mouse MAbs anti-MHC I, anti-
CD71, anti-CD3, anti-CD4, anti-CD8, and anti-CD45 were diluted 1:50 with goat
anti-human FITC-conjugated F(ab9)2 fragments (diluted 1:100). As a negative
control cells were incubated with the appropriate isotype control antibodies. All
antisera were diluted in FACS staining buffer, and all reactions were done in the
dark on ice for 30 min. The cells were washed between each antibody step by
adding 2 ml of FACS staining buffer, centrifuging, and aspirating the superna-
tant. After the final wash cells were resuspended in orthofixative (PBS with 1%
electron microscopy grade formaldehyde), and cell suspensions were analyzed
with a Becton Dickinson FACScan apparatus.

Immunofluorescence and confocal microscopy. Approximately 104 cells per
well were seeded in four-chamber slides (Lab-Tek, Inc., Naperville, Ill.). Adher-
ent cells were infected with VZV strain Schenke at a ratio of one infected cell to
three uninfected cells for 2 h at 37°C. The infected monolayers were washed
three times with PBS and incubated with TCM for 24 h. In certain experiments,
cells were fixed and permeabilized with acetone at 4°C for 15 min and air dried
for 1 h. Slides were washed once in PBS and incubated with blocking buffer (1%
bovine serum albumin [BSA] in PBS) at room temperature for 15 min, washed
three times with PBS, and incubated with the primary antibodies diluted in
blocking buffer for 1 h at 37°C. The primary antibodies used were mouse anti-
human HLA-A,B,C (PharMingen) and a VZV-immune polyclonal IgG fraction,
at a dilution of 1:10 and 1:100, respectively. An isotype control antibody was used
to control for nonspecific binding. Slides were washed three times in the blocking
solution, and the secondary antibodies were added for 30 min in the dark at 37°C.
Secondary antibodies included Texas red-conjugated goat anti-human IgG (Jack-
son ImmunoResearch Laboratories, West Grove, Pa.) (1:100) and FITC-conju-
gated goat anti-mouse IgG (CalTag Laboratories) (1:100) diluted in blocking
solution. After three washes in PBS, slides were mounted with Vectashield
(Vector Laboratories, Inc., Burlingame, Calif.) and examined using a Molecular
Dynamics MultiProbe 2010 laser scanning confocal microscope. The images were
transferred to graphics software (Adobe Photoshop, version 3.0) and printed
with a Tektronix Phaser 440 dye sublimation printer.

BODIPY-Texas red-ceramide {N-[[4-[4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-
diaza-s-indacene-3-yl]phenoxy]acetyl]sphingosine} (Molecular Probes, Inc., Eu-
gene, Oreg.) is a fluorescent probe which localizes to the membranes of the Golgi
complex (16, 37). BODIPY-Texas red-ceramide was reconstituted following the
manufacturer’s directions, diluted to a concentration of 10 nmol/ml in filter-
sterilized RPMI 1640 (Gibco BRL, Grand Island, N.Y.) with 0.68 mg of fatty
acid-free BSA (Sigma, St. Louis, Mo.) per ml, and subsequently sonicated for
30 s. The cell monolayers were labeled with 375 ml of the ceramide solution per
well for 25 min in the dark at 4°C. Cells were washed once with BSA-free RPMI
and then chased with TCM in the dark for 50 min at 37°C. Following ceramide
staining, the monolayers were fixed and permeabilized with 2% paraformalde-
hyde–0.05% Triton X-100 in 0.2 M Na2HPO4 for 1 h. After five washes with PBS
for 5 min each, the slides were blocked with 5% normal goat serum in PBS for
1 h at room temperature. The primary antibody against HLA-A,B,C (PharMin-
gen), diluted 1:10, was incubated with the monolayers overnight at 4°C. Binding
of primary antibody was detected using goat anti-mouse IgG FITC-conjugated
antibody (Caltag) at a dilution of 1:100 for 1 h at 37°C. All antisera were diluted
in PBS containing 1% normal goat serum, with a 10-min wash in PBS between
each step. After the final wash, slides were mounted with Vectashield for con-
focal microscopy analysis as described above.

Concanavalin A (ConA) is a lectin that localizes to the ER. Upon reconsti-
tution according to the manufacturer’s recommendations, a Texas red conjugate
(Molecular Probes) was used at a final concentration of 50 mg/ml. The probe was
incubated with antibodies following the same immunofluorescence and confocal
microscopy protocol as described for BODIPY-Texas red-ceramide.

Biochemical analysis and gel electrophoresis. Cells were incubated for 45 min
in methionine- and cysteine-free TCM and labeled with [35S]methionine-cysteine
(NEN, Boston, Mass.) for 30 min for pulse-chase experiments and for 1 h for
coimmunoprecipitation experiments. If indicated, cells were chased for various
times in regular TCM supplemented with nonradioactive methionine and cys-
teine to a final concentration of 1 mM. Aliquots of cells were spun down at each
chase point, and the cell pellets were frozen before lysis and immunoprecipita-
tion. Cell pellets were lysed in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris-HCl
[pH 7.4], 5 mM MgCl2) containing 1 mM phenylmethylsulfonyl fluoride for 15
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min on ice. Total cell lysates were cleared of debris by centrifugation, and
supernatants were precleared twice with protein A (70 ml), 3 ml of normal rabbit
serum/ml, and 3 ml of normal mouse serum/ml and then immunoprecipitated
with either W6/32 (3 ml/ml) or rabbit anti-MHC I heavy chain (3 ml/ml). Immu-
noprecipitated products were washed four times with ice-cold NET buffer (0.5%
NP-40, 50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA). Samples were boiled
in sample buffer (62.5 mM Tris-HCl [pH 6.8], 5% 2-mercaptoethanol, 10%
glycerol, 4% sodium dodecyl sulfate [SDS], and bromophenol blue) for 10 min
before SDS-polyacrylamide gel electrophoresis (PAGE). In those experiments in
which endoglycosidase H (endo H; New England Biolabs, Beverly, Mass.) was
used, washed protein A-bound immune complexes were processed as follows.
Immune complexes were boiled for 10 min in 30 ml of denaturation buffer (0.5%
SDS, 1% 2-mercaptoethanol) and then incubated with endo H (1 ml) in 50 mM
sodium citrate (pH 5.5) at 37°C for 1 h. Samples were then mixed in sample
buffer and boiled for 10 min before SDS-PAGE. Samples were separated on
SDS–12.5% PAGE gels, fixed, and washed prior to drying and autoradiography.
Unlabeled samples prepared for coimmunoprecipitation experiments were pre-
pared as described above, with the gel being Coomassie stained to reveal total
protein before excision of the protein band of interest.

PAA experiments. Cells were pretreated for 1 h in the presence of 300 mg of
PAA (Sigma)/ml and then infected with VZV-infected cells. Following 2 h of
adsorption of VZV-infected cells, cells were washed three times with PBS and
then incubated with TCM containing PAA for a further 24 h. Cells were then
harvested and analyzed by flow cytometry as described above, and cell lysates
were tested by Western blot analysis for inhibition of late viral gene expression.

Western blot analysis. Cells were washed once in PBS, sonicated for 1 min in
cell extract buffer containing protease inhibitors (50 mM Tris [pH 7.4], 240 mM
NaCl, 0.5% NP-40, 10% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride), and centrifuged (14,000 3 g), and the superna-
tants were collected. The cell supernatants (5 3 104 cells/lane) were separated on
SDS–7% PAGE gels, followed by electrotransfer to Immobilon-P polyvinylidene
difluoride membranes (Millipore, Bedford, Mass.). Membranes were stained
with amido black (1% amido black [naptho, blue black], 45% methanol, 10%
acetic acid) to reveal total protein before Western blot analysis. Membranes were
incubated in blocking solution (5% nonfat milk in PBS) for 1 h. gC proteins were
detected with a rabbit polyclonal antibody diluted 1:500 in blocking solution.
Secondary goat anti-rabbit IgG-horseradish peroxidase conjugate (Amersham,
Buckinghamshire, England) was diluted 1:2,000 and used for enhanced chemi-
luminescence detection of bound antibodies according to the manufacturer’s
protocol (Amersham). Molecular masses of proteins were determined using
protein reference standards (Bio-Rad, Richmond, Calif.).

Plasmid DNA and transient transfection. Plasmid pMS62 contains the IE62
coding sequence under the control of the HCMV IE promoter (43) and was
kindly provided by J. Hay, State University of New York at Buffalo. Plasmid
pON2345 contains the HCMV IE promoter without any VZV genes and was
kindly provided by E. Mocarski, Stanford University. Plasmids encoding VZV
ORF4 (pCMV4), ORF10 (pCMV10), ORF61 (pCMV61), ORF47 (pCMV47),
ORF63 (pCMV63), and ORF66 (pCMV66) under the control of the HCMV IE
promoter were kindly provided by P. Kinchington, University of Pittsburgh.
These plasmids were transiently transfected into HFF cells using a calcium
phosphate transfection protocol (12). Cells were harvested 48 h after transfec-
tion, stained for MHC I expression, and analyzed by flow cytometry.

RESULTS

VZV downregulates cell surface MHC I expression in pri-
mary and transformed human cells. Human fibroblasts and
melanoma (MeWo) cells were used to analyze the effects of
VZV infection on MHC I expression because these cells are
optimal for VZV replication in vitro (5). Due to the highly
cell-associated nature of VZV, HFFs were infected with VZV
strain Schenke by mixing VZV-infected and uninfected HFF
cells at a ratio of 1:5. At 24 h postinfection, cells were stained
for VZV and MHC I expression using polyclonal VZV-im-
mune serum and a mouse MAb to MHC I antigens, respec-
tively, and were analyzed by flow cytometry (Fig. 1A and B).
Negative controls included mock-infected cells and incubation
of both mock- and VZV-infected cells with isotype control
antibodies. At 24 h postinfection, 20% of the cells were VZV1

and 80% of the cells remained VZV2 as determined by flow
cytometry. Of the VZV2 cell population, 90% were MHC I1.
In contrast, only 25% of the VZV1 cells were MHC I1 (Fig.
1C). To determine whether VZV downregulated MHC I ex-
pression in a selective manner and did not have a general effect
on host cell surface molecules, these cells were also assessed by
flow cytometry for transferrin receptor (CD71) expression us-
ing an anti-CD71 MAb (Fig. 1D and E). At 24 h postinfection,
more than 98% of both VZV1 and VZV2 cell populations
expressed transferrin receptor (Fig. 1F). Taken together, these
data show that VZV selectively downregulated cell surface
MHC I expression on human fibroblasts. In a further four
replicate experiments, specific downregulation of MHC I ex-
pression was also observed.

To determine whether VZV infection can downregulate cell
surface MHC I expression on other cell types, primary human
fetal lung fibroblast (MRC-5) cells and transformed human
melanoma (MeWo) cells were also evaluated at 24 h postin-
fection for cell surface MHC I expression. The level of MHC
I downregulation in VZV-infected cells was similar to that
observed using HFFs (Fig. 1G). In all cell types tested, VZV
infection did not suppress transferrin receptor expression (data
not shown). Cells infected with the recombinant Oka vaccine
strain of VZV had the same pattern of MHC I downregulation;
46% of VZV1 cells had MHC I expression versus 86% of
VZV2 cells. These data indicate that VZV isolates, whether
fresh clinical isolates or tissue culture-passaged virus, specifi-
cally downregulate MHC I expression in primary and trans-
formed human cells.

MHC I downregulation in human T lymphocytes infected
with VZV. VZV causes a mononuclear cell-associated viremia
and tropism for T lymphocytes, which is a critical event for
VZV pathogenesis during primary infection (5, 38). We there-
fore sought to determine whether VZV infection altered cell
surface MHC I expression on human T lymphocytes using the
SCID-hu thymus/liver mouse model (38). Human fetal thymus/
liver implanted under the kidney capsules of five SCID-hu
mice was inoculated with HFF cells infected with VZV strain
Schenke. Mock-infected implants were injected with an equal
number of uninfected cells. Seven days after inoculation, total
cells from the implants were collected and stained with anti-
bodies to CD3 (a T-cell marker) and MHC I and VZV pro-
teins. Flow cytometry was performed whereby CD31 T lym-
phocytes were gated and analyzed for MHC I and VZV
antigen expression (Fig. 2A and B). In all five mice inoculated
with VZV-infected cells, VZV1 cells were readily detectable
(11.5 to 23%) (Fig. 2C). There was a significant decrease in the
percentage of MHC I1 cells in the CD31 VZV1 population
when compared to the CD31 VZV2 population in all animals
(Fig. 2D). These data indicate that VZV infection of human
CD31 T lymphocytes modulates cell surface MHC I expres-
sion.

Using the SCID-hu model, we have shown that VZV is
lymphotropic and infects all T-cell subpopulations equally
(38). To determine whether VZV infection could downregu-
late cell surface expression of MHC I molecules on T-cell
subpopulations, cells from infected and uninfected implants
were stained with antibodies to CD4, CD8, MHC I molecules,
and VZV proteins and were analyzed by flow cytometry. Sim-
ilar decreases in the levels of expression of MHC I molecules
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were observed on CD81, CD41, and immature CD41 CD81

T-cell populations. Furthermore, VZV infection did not alter
the expression of CD4 and CD8 when detection of these T-cell
surface markers was compared between VZV1 and VZV2 cell
populations (data not shown). These data indicate that VZV

infection specifically downregulated cell surface MHC I ex-
pression on human T lymphocytes.

Retention of MHC I molecules in VZV-infected cells. To
further examine VZV-mediated downregulation of MHC I
expression, we evaluated the intracellular localization of MHC

FIG. 1. FACS analysis of MHC I molecules, transferrin receptor (CD71), and VZV proteins on VZV-infected cells. HFFs were either infected
with VZV for 24 h (B and E) or mock infected (A and D), and cell preparations were stained with antibodies and fluorescent conjugates to MHC
I and VZV proteins (A and B) or to transferrin receptor and VZV proteins (D and E). The percentages of VZV1 and VZV2 cell populations
expressing cell surface MHC I molecules (C) and transferrin receptor (F) are shown. (G) Percentage of VZV1 and VZV2 cell populations
expressing cell surface MHC I molecules. HFF, MeWo, and MRC-5 cells were infected with VZV for 24 h and stained with antibodies and
fluorescent conjugates to MHC I and VZV proteins and analyzed by flow cytometry.
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I molecules by immunofluorescence and confocal microscopy
on uninfected and VZV-infected cells. HFFs were infected
with VZV strain Schenke by mixing infected and uninfected
HFFs at a ratio of 1:3. At 24 h postinfection, cells were fixed
and permeabilized with acetone and incubated with antibodies
against MHC I and VZV antigens, followed by secondary
antibodies conjugated with either FITC or Texas red. Negative
controls included mock-infected cells and staining of VZV-
and mock-infected cells with isotype control antibodies. VZV1

cells were readily detected in infected cell populations (Fig.
3A). In contrast to VZV2 cells, which displayed diffuse cyto-
plasmic MHC I staining, VZV1 cells exhibited a significant
accumulation of MHC I molecules in the perinuclear region
(Fig. 3B and C). No staining was detected in VZV- or mock-
infected cell populations when isotype control antibodies were
used. These data suggest that MHC I molecules were retained
within VZV-infected cells.

MHC I molecules are not retained in the ER of VZV-in-
fected cells. To determine the stage in the MHC I assembly
process that was disrupted by VZV in fibroblasts, we used
pulse-chase and immunoprecipitation experiments in the pres-
ence of endo H to examine the synthesis and cell surface

transport of MHC I complexes. HFFs were infected with VZV
strain Schenke by mixing VZV-infected and uninfected cells at
a ratio of 1:2. These cells and mock-infected cells were labeled
at 24 h postinfection with [35S]methionine-cysteine for 30 min,
chased for 1, 2, and 3 h before immunoprecipitation of MHC
I molecules using W6/32 MAb, and digested with endo H.
Correctly assembled MHC I molecules enter the medial Golgi
compartment, where they acquire endo H resistance, whereas
unassembled or ER-retained MHC I molecules remain endo H
sensitive. In mock-infected cells, MHC I molecules acquired
endo H resistance by the 3-h chase period. Similarly, in VZV-
infected cells the MHC I molecules became resistant to endo
H at the 3-h chase period (Fig. 4). Furthermore, the transferrin
receptor was efficiently converted to endo H-resistant forms
during the pulse-chase period in infected and uninfected cells
(data not shown). These data demonstrate that MHC I protein
synthesis is unaltered in infected cells and that MHC I com-
plexes are not retained in the ER of VZV-infected cells.

Localization of MHC I molecules in the Golgi compartment
of VZV-infected cells. To confirm a post-ER retention of MHC
I molecules and to demonstrate the intracellular localization of
MHC I molecules in VZV-infected cells, intracellular probes

FIG. 2. FACS analysis of MHC I and VZV proteins on VZV-infected human T lymphocytes. SCID-hu thymus/liver implants were inoculated
with VZV- or mock-infected cells, and 7 days later cell preparations were stained with antibodies and fluorescent conjugates to MHC I and VZV
proteins and CD3. CD31 T lymphocytes were gated and analyzed for MHC I and VZV antigen expression. A typical FACS plot of MHC I and
VZV antigens from mock- (A) and VZV-infected (B) thymus/liver implants is shown. The percentage of CD31/VZV1 cells was determined for
each mouse (C). The percentage of VZV1 and VZV2 human CD31 T-cell populations expressing cell surface MHC I molecules is shown (D).
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for the ER or the Golgi compartment were used in conjunction
with MHC I- and VZV-specific antibodies in immunofluores-
cence and confocal microscopy. HFF cells were infected with
VZV and incubated with either BODIPY-Texas red-ceramide
to label the Golgi compartment or with Texas red-conjugated
ConA to label the ER 24 h after infection. Fixed and perme-
abilized cells were then stained with an antibody to MHC I
antigen which was detected with a secondary antibody conju-
gated to FITC. Negative controls included mock-infected cells
and staining of VZV- and mock-infected cells with isotype
control antibodies. The individual scans of ConA-derived flu-
orescence (Fig. 5A) and MHC I antibody stains (Fig. 5B) on
VZV-infected cells were electronically merged into one image
(Fig. 5C). The dual-color image did not reveal any colocaliza-
tion of these molecules in VZV-infected cells. The images of

ceramide labeling of the Golgi complex (Fig. 5D) and the
MHC I staining (Fig. 5E) of VZV-infected cells were similarly
superimposed into a dual fluorescence image (Fig. 5F). The
yellow color designates colocalization of the ceramide and
MHC I molecules and was found only in VZV-infected cells.
The colocalization of MHC I molecules with ceramide labeling
in virally infected cells demonstrates the retention of MHC I
molecules in the Golgi complex of VZV-infected cells.

Immunoprecipitation of proteins from VZV-infected cells
with MHC I antibodies. To determine whether a viral protein
specifically interacts with a component of the MHC I complex,
thereby causing retention of MHC I molecules, we used im-
munoprecipitation with MHC I antibodies to assess whether
any coprecipitating proteins could be detected in VZV-in-
fected cell lysates. HFFs were infected with VZV strain

FIG. 3. Immunofluorescent staining of intracellular MHC I and VZV antigens in VZV-infected cells. VZV-infected cells were fixed, perme-
abilized, and incubated with VZV-immune human serum and an anti-MHC I MAb, which were detected using Texas red-conjugated anti-human
IgG and FITC-conjugated anti-mouse IgG antibodies. VZV antigen staining was detected in the majority of VZV-infected cells (A). Intense
perinuclear MHC I staining was detected in VZV-infected cells (B, arrow), whereas diffuse cytoplasmic MHC I staining was detected in
VZV-negative cells (B, arrowhead). The yellow color indicates colocalization of VZV and MHC I proteins in VZV-infected cells (C).

FIG. 4. Biochemical analysis of the synthesis and transport of MHC I molecules in VZV-infected cells. VZV- and mock-infected cells were
labeled with [35S]methionine-cysteine and then chased for 0, 1, 2, and 3 h. Total cell lysates were immunoprecipitated with W6/32, and immune
complexes were treated either with (1) or without (2) endo H. The MHC I endo H-resistant (R) and -sensitive (S) forms are indicated.
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Schenke by mixing VZV-infected and uninfected cells at a
ratio of 1:2. These cells and mock-infected cells were labeled at
24 h postinfection with [35S]methionine-cysteine for 1 h before
immunoprecipitation using W6/32 MAb and rabbit anti-heavy
chain antibody and digestion with endo H. In mock- and VZV-
infected cells, MHC I heavy chain and light chain (b2 micro-
globulin) were detected and showed similar endo H-resistant
and -sensitive forms (Fig. 6). An ;40-kDa protein that copre-
cipitated with MHC I molecules was detected in VZV-infected
cell samples but not in mock-infected cell lysates. This protein
was detected in four separate experiments and was detected
only in VZV-infected cells. In order to identify this protein,
immunoprecipitation was done in which half of the VZV-
infected cell sample was radiolabeled and the other half was
not; cell lysates were then immunoprecipitated with W6/32 and
separated by SDS–12.5% PAGE. The ;40-kDa protein was
detected in the radiolabeled samples; the gel containing unla-
beled sample was Coomassie stained, and the ;40-kDa protein
band was excised, trypsin digested, and analyzed by mass spec-
trometry. By sequence analysis, the ;40-kDa protein belonged
to MHC I as HLA class I alpha chain (data not shown),
suggesting that VZV-infected cells have an unusual cleaved
form of MHC I protein.

Late viral gene products do not affect cell surface MHC I
expression. During productive VZV infection, viral genes are
likely to be expressed in an ordered cascade which can be
divided into three categories, the IE, early, and late genes
characteristic of other herpesviruses (26). To identify the phase
of viral gene expression responsible for MHC I modulation in
VZV-infected cells, PAA, an inhibitor of viral DNA replica-
tion and thus late gene expression, was added to infected and
mock-infected cells, and the cells were assessed for cell surface
MHC I expression by flow cytometry.

HFFs were pretreated with 300 mg of PAA/ml for 1 h prior
to infection and then infected by mixing VZV-infected cells
with uninfected, PAA-treated cells at a ratio of 1:5 and incu-
bated in the presence of PAA for a further 24 h. Cells were
then harvested and stained with antibodies to MHC I and
VZV for flow cytometric analysis or prepared for Western blot
analysis. As predicted, the expression of the late gene gC was
reduced more than 50-fold after the addition of PAA com-
pared to untreated cells (Fig. 7A). Treatment with PAA did
not change the reduction in MHC I expression. In the absence
of PAA, 46% of VZV1 cells expressed cell surface MHC I
molecules. In the presence of PAA, 54% of VZV1 cells ex-
pressed cell surface MHC I molecules (Fig. 7B). The observa-

FIG. 5. ConA, ceramide, and MHC I immunofluorescent staining of VZV-infected cells. VZV-infected cells were labeled with Texas red-
conjugated ConA (A to C) or Texas red-conjugated BODIPY-ceramide (D to F), fixed, permeabilized, and stained with anti-MHC I MAb and
FITC-conjugated anti-mouse IgG antibody. Fluorescent images were overlayed to assess colocalization (C and F). The yellow color represents
colocalization of MHC I molecules and the fluorescent marker of the Golgi compartment (F). No colocalization was detected with the fluorescent
ER marker (C).
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tion that gC expression did not influence MHC I expression
was confirmed using a VZV gC-negative mutant strain to in-
fect fibroblasts (39); the percentage of cells that were VZV1

and MHC I1 was 50%, compared to 80% for VZV2 cells.
Constitutive expression of VZV gE or gK in melanoma cells
also had no effect on cell surface MHC I expression (data not
shown). These data suggest that a VZV IE or early gene
product(s) or a virion component(s) is involved in reducing cell
surface MHC I expression on infected cells.

Effects of VZV IE and early genes on MHC I expression.
VZV encodes several genes which have been reported to be
expressed under IE conditions (32). To test whether these IE
proteins might mediate MHC I downregulation, human fibro-
blasts were transfected with the plasmids expressing ORF62,
ORF63, ORF4, and ORF61 (pMS62, pCMV63, pCMV4, and
pCMV61, respectively). In addition, we also tested plasmids
encoding the early gene products ORF10, ORF47, and ORF66
(pCMV10, pCMV47, and pCMV66, respectively). After 48 h,
transfected cells were stained for cell surface MHC I expres-
sion and analyzed by flow cytometry. Negative controls in-
cluded cells transfected with the parental plasmid (pON2345)
and incubation of transfected cells with an isotype control
antibody. The mean fluorescence intensity of cell surface MHC
I staining was determined for each transfected population of
HFF cells (Fig. 8). Compared to the parental plasmid, those
expressing ORF4, -10, -47, -61, -62, and -63 did not significantly
alter cell surface MHC I expression. In contrast, the mean

fluorescence intensity of cell surface MHC I staining was sig-
nificantly decreased for cultures transfected with the ORF66-
expressing plasmid. Similar results were obtained in two rep-
licate experiments, indicating that ORF66 plays a role in
downregulating MHC I.

DISCUSSION

These experiments demonstrate that VZV expresses a pro-
tein(s) with an immunomodulatory function that interferes
with the transport of MHC I molecules through the Golgi
complex of infected cells and thereby inhibits the cell surface
expression of MHC I molecules. VZV pathogenesis is charac-
terized by cellular tropisms for T lymphocytes, skin, and dorsal
root ganglia (5, 14). The capacity of VZV to regulate cell
surface MHC I expression on human fibroblasts and, impor-
tantly, on human T lymphocytes provides a mechanism by
which the virus can limit the consequences of immunosurveil-
lance by CD81 T lymphocytes. Impaired CD81 T-cell recog-
nition of VZV-infected cells, which involves the T-cell receptor
recognition of viral peptides complexed with MHC I mole-
cules, may allow infected T lymphocytes to harbor VZV during
the viremic phases of pathogenesis. VZV cell-associated vire-
mia is necessary for viral dissemination to mucocutaneous
sites, and infection at these sites is required to achieve VZV
transmission to susceptible contacts and its persistence in the
human population. During latency, VZV differs from HSV in

FIG. 6. Biochemical analysis of the synthesis of MHC I molecules in VZV-infected cells. VZV- and mock-infected cells were labeled with
[35S]methionine-cysteine and then chased for 1 h. Total cell lysates were immunoprecipitated with rabbit anti-heavy chain (aHC) or W6/32
antibody, and immune complexes were treated either with (1) or without (2) endo H. The MHC I endo H-resistant (R) and -sensitive (S) forms
are indicated. b2m and the coimmunoprecipitating protein seen in VZV-infected cells are indicated.
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its ability to persist in satellite cells as well as in neurons and in
the synthesis of viral gene transcripts and proteins in these
latently infected cells (14). While neurons do not usually ex-
press MHC I molecules, interference with MHC I expression
may help the virus to survive in nonneuronal cells within the
ganglia. It is interesting that MHC I expression was downregu-
lated by the recombinant Oka vaccine strain, which has been
passaged in guinea pig embryo fibroblasts and in tissue culture
cells and is attenuated for replication in skin (39), as well as by
a low-passage clinical isolate.

In investigations of the mechanism of cell surface MHC I
downregulation, we found that VZV infection does not alter
MHC I protein synthesis and that complexes are not retained
in the ER compartment. However, MHC I molecules accumu-
late in the Golgi complex of VZV-infected cells. These obser-
vations indicate that the pathway by which VZV infection
reduces MHC I cell surface expression is novel, differing from
the effects of the other human herpesviruses, HSV and HCMV

(24). HSV has been shown to induce the retention of MHC I
molecules in the ER through a specific interaction of a viral
protein (ICP47) with the TAP complex, resulting in the pre-
vention of TAP-mediated antigen transport (4, 19, 21, 25, 48,
50). In contrast, HCMV has been demonstrated to use several
viral immunomodulatory proteins that affect various stages of
the MHC I assembly pathway, including prevention of TAP-
mediated antigen transport, retention of MHC I molecules in
the ER, and dislocation of retained complexes to the cytosol
for degradation (2, 3, 22, 23, 29, 30, 36, 49). Interestingly,
MCMV encodes a protein that disrupts the transport of MHC
I molecules past the ERGIC/cis-Golgi compartment (51).
Therefore, the human herpesviruses, VZV, HSV, and HCMV,
all employ unique strategies to downmodulate cell surface
MHC I expression. VZV resembles MCMV in that both vi-
ruses cause the retention of MHC I molecules in the post-ER
compartment.

Despite the sequence similarities between the genomes of
VZV and HSV, VZV does not encode an ICP47 homolog. In
addition, VZV does not contain any identifiable homologs to
the gene products of the other herpesviruses known to alter
cell surface MHC I expression. Nonetheless, experiments using
PAA to inhibit viral DNA replication suggest that an IE or
early VZV gene product(s) is involved in the downmodulation
of cell surface MHC I molecules, whereas late genes were not
required. Expression of gC was not required for MHC I mod-
ulation, and melanoma cell lines that expressed gE or gK had
no alteration in cell surface MHC I expression, which was
consistent with the results of the PAA experiments. Further,
the transient transfection experiments described in the present
study provide evidence that IE gene products do not modulate
MHC I expression but that an early gene product encoded by
ORF66 is able to downregulate MHC I expression on HFF
cells. ORF66 is a putative serine/threonine protein kinase
which is dispensable for viral replication in tissue culture. How-
ever, ORF66 is required for T-cell infectivity, since deletion of
ORF66 was associated with decreased virus replication in thy-

FIG. 7. Analysis of MHC I downregulation in VZV- and mock-
infected cells treated with the viral DNA inhibitor PAA. (A) Western
blot of viral gC was performed on total cell lysates from mock-infected
cells (lane 1), mock-infected cells with PAA (lane 2), VZV-infected
cells at the time of inoculation onto uninfected cells (lane 3), and
VZV-infected cells in the absence (lane 4) or presence (lane 5) of PAA
at 24 h postinfection. (B) The percentage of VZV1 and VZV2 cell
populations expressing cell surface MHC I molecules. Cells were in-
fected with VZV in the absence or presence of PAA for 24 h and
stained with antibodies and fluorescent conjugates to MHC I and VZV
proteins and analyzed by flow cytometry.

FIG. 8. Analysis of MHC I downregulation in cells transfected with
plasmids expressing VZV proteins. HFFs were transiently transfected
with plasmids expressing VZV ORF4, ORF10, ORF47, ORF61,
ORF62, ORF63, and ORF66 or a parental control plasmid (control).
At 48 h posttransfection cell preparations were stained for MHC I
expression. Data are shown as the mean fluorescence intensities of
specific cell surface MHC I staining.
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mus/liver implants in the SCID-hu mouse (40). Additional
genetic studies using recombinant viruses will further define
the function(s) of ORF66 during VZV infection. It is also
possible that other viral genes may encode proteins with the
ability to downregulate MHC I expression, as another herpes-
virus, HCMV, encodes no fewer than four viral genes which
function to downregulate MHC I expression (20).

The intracellular localization of MHC I molecules to the
Golgi complex in VZV-infected cells suggests that a viral pro-
tein interacts specifically with a component of the MHC I
complex, thereby preventing efficient MHC I transport to the
cell surface. In this respect, other herpesviruses, including
HSV, HCMV, and MCMV, have been shown to encode im-
munomodulatory proteins that directly associate with compo-
nents of the MHC I biosynthesis pathway (2, 19, 21, 25, 29, 33,
36, 45, 48, 49, 50). Immunoprecipitation of radiolabeled MHC
I molecules in VZV- and mock-infected cells did not reveal
binding of a viral protein, but a modified, ;40-kDa MHC I
molecule was detected consistently in VZV-infected cells,
which may reflect accelerated degradation of MHC I mole-
cules retained in the Golgi complex.

VZV and other viruses that modulate cell surface MHC I
expression may evade cytotoxic T-lymphocyte (CTL) recogni-
tion, but by reducing the overall surface levels of MHC I
expression, these cells may also become more sensitive to nat-
ural killer (NK) cell lysis. HCMV and MCMV have mecha-
nisms to combat NK cell as well as CTL recognition (8, 9, 11,
17, 18, 33). Although an MHC I homolog has yet to be iden-
tified in the VZV genome, it is possible that VZV does encode
a gene product to avoid NK cell lysis while maintaining im-
mune evasion of CTL. Alternatively, as shown in HIV-infected
cells, decreasing the cell surface concentration of certain MHC
I alleles and not others may result in evasion of NK cell lysis
(13). Our preliminary results suggest that VZV may also cause
an allele-specific downmodulation of MHC I molecules (un-
published data).

In order to cause primary infection and to establish latency,
VZV must be able to evade both MHC I- and MHC II-re-
stricted immune responses with some efficiency. VZV memory
immunity is characterized by the presence of equivalent num-
bers of antigen-specific CD41 and CD81 T lymphocytes (6).
Our previous studies have shown that VZV has evolved a
mechanism to minimize recognition of infected cells by CD41

T lymphocytes by inhibiting gamma interferon-stimulated ex-
pression of MHC II molecules (1). Delayed induction of CD41

T-lymphocyte responses to VZV antigens is accompanied by a
longer period of formation of new skin lesions, which provide
a reservoir for VZV spread to susceptible individuals (7). In
addition, VZV reactivation and replication in skin cause her-
pes zoster, despite the presence of memory T lymphocytes that
can produce high concentrations of gamma interferon when
exposed to VZV antigens (27), as well as memory CD81 CTL
that recognize viral glycoproteins and structural and regulatory
proteins. Thus, immunomodulatory mechanisms that limit the
initial presentation of VZV peptides by MHC I or MHC II
presentation pathways are likely to provide the virus with a
transient advantage during primary and recurrent VZV infec-
tions.

In summary, we have demonstrated that VZV infection
causes downregulation of MHC I molecules in human fibro-

blasts and T lymphocytes. The analysis of VZV-infected hu-
man T lymphocytes provides a novel demonstration of MHC I
downregulation on a human cell type that is instrumental for
viral pathogenesis. These experiments indicate that VZV en-
codes a protein(s) with an immunomodulatory function which
does not affect biosynthesis of MHC I molecules but interferes
with the transport of MHC I molecules through the cell, caus-
ing retention in the Golgi compartment. Immunomodulatory
mechanisms that enhance the transport of VZV to skin and a
period of viral replication before immunologic clearance in
individuals with varicella or herpes zoster ensure opportunities
for transmission to susceptible individuals and have allowed
the virus to persist in the human population for millions of
years.
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